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I.  INTRODUCTION 

Recently,  there  has  been  much  progress  in  the  development  of  photolytic  atomic  iodine 
1.315  microns  lasers.  Germany's  Asterix  IV  pulsed  Photolytic  Iodine  Laser  (hereafter  PIL) 
routinely  produces  single  shot  energies  of  1.0  kilojoule  in  less  than  1  nsec  giving  terawatt  power 
levels.’^  Other  scientists  have  also  reported  very  good  performance  using  explosively 
compressed  inert  gas  flashlamps'  In  addition,  research  on  cw  PIL  at  1.315  microns  has 
demonstrated  remarkable  progress.  In  this  article,  a  repetitively  pulsed  photolytic  iodine  laser 
operating  in  the  closed  cycle  mode  is  reported  which  exhibits  excellent  optical  properties  and 
long/reliable  operation.  Pulsed  energies  greater  than  70  joules  per  pulse  at  0.5  Hz  have  been 
obtained  in  the  lowest  order  unstable  confocal  resonator  mode  along  with  a  long  coherence 
length,  excellent  beam  quality,  and  good  polarization  extinction.  This  photolytic  iodine  laser 
technology  has  been  advanced  to  a  simple  and  reliable  operation  using  an  I^  removing  scrubber 
flow  system.^^  In  the  subsequent  sections,  the  physics  of  pulsed  PIL’s  are  discussed  followed 
by  a  description  of  the  laser  device  and  its  operating  performance.  Finally,  the  projection  of  the 
pulsed  iodine  laser  technology  for  larger  energies,  higher  repetition  rates,  and  variable  pulse 
widths  are  presented. 

n.  PHYSICS  of  REPETITIVELY  PULSED  PHOTOLYTIC  IODINE  LASER 

The  physical  parameters  critical  to  the  operation  of  a  repetitively  pulsed  PIL  with  excellent 

optical  properties  and  long/reliable  operation  deal  with  the  atomic  iodine  laser's  hyperfme 

spectroscopy  and  broadening,  photolytic  excitation,  atomic  and  molecular  kinetics,  and  iodine 

gain  medium's  refractivity.  A  long  coherence  length  (Lc)  in  the  PIL  depends  on  the  oscillating 

hyperfme  iodine  transitions,  the  broadening  mechanism,  and  resultant  iodine  spectral  gain  profile. 

Figs,  l-a^  illustrate  the  atomic  iodine  hyperfme  splitting  for  both  the  ground  and  first  excited 

states  resulting  in  six  hyperfme  transitions  governed  by  the  selection  rules  AF  =  0,  ±1  with  F'  =  0 

18*22 

-»  F"=  0  not  allowed.  The  dominant  transition  is  F'  =  3  to  F"  =  4  and  Table  I  lists  the 

23,24 

wavelengths  of  each  transition  cited  plus  their  A-coefFicients.  ’  These  six  iodine  hyperfme 
transitions  have  a  significant  effect  on  the  coherence  length  of  atomic  iodine  lasers  since  the 
coherence  length  varies  inversely  with  the  linewidth.  Consequently,  the  number  of  oscillating 
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hyperfme  transitions  is  important.  ’  A  coherence  length  Lc  equates  to  c/Av  or  1/Ak  where  c  is 
the  velocity  of  light,  Av  is  the  total  linewidth  of  the  laser  spectrum,  and  Ak  is  the  corresponding 
wave  number  difference  .  If  all  six  of  the  iodine  hyperfme  transitions  existed  in  the  laser  output, 
then  Ak  =  0.725  cm‘^  giving  a  small  coherence  length  of  1.37  cm.  For  simplicity,  only  the  line 
center  Ak  values  are  used.  With  only  the  two  highest  gain  hyperfme  transitions,  F'  =  3  — >  F"  =  4 
and  2-^2  oscillating,  Ak  =  0.453  cm'*  yielding  a  laser  coherence  length  of  2.21  cm.  This  simple 
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analysis  shows  long  coherence  lengths  will  exist  only  if  one  hyperfine  transition  oscillates.  Even 
with  only  one  hyperfine  transition  lasing,  a  significant  decrease  in  the  iodine  lasers  coherence 
length  will  still  occur  if  two  or  more  longitudinal  modes  are  oscillating.  With  the  unstable  mirror 
spacing  at  2.84  meters  (Sect.  Ill),  a  c/2L  value  52.8  MHz  results  corresponding  to  a  coherence 
length  Lc  =  5.68  meters.  The  Doppler  broadened  line  width  is  240  MHz  (FWHM)  at  room 
temperature^^  and  thus  more  than  one  longitudinal  mode  is  possible  since  goL  values  greater  than 
one  exists  in  the  PIL  gain  medium  (Sect.  IV).  Sect.  IV  also  relates  the  optimum  operating 
pressure  of  C3F7I  is  30-45  torr.  For  this  pressure  range,  the  large  20  MHz/torr  broadening 
coefficient^*'^  ‘  of  C3F7I  causes  the  iodine  gain  medium  to  be  homogeneously  broadened  with  line 
widths  of  600  to  900  MHz.  Calculated  gain  profiles  shown  in  Fig.  1-c/e  illustrate  the  overlapping 
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of  these  hyperfine  transitions  as  a  function  of  C3F7I  pressure.  The  resulting  oscillating 
frequency  would  be  expected  to  be  very  close  to  the  F'  =  3  to  F"  =  4  hyperfine  transition  since  a 
homogeneously  broadened  transition  lases  near  line  center.^^  In  addition,  this  laser  transition 
should  oscillate  in  only  one  longitudinal  mode  with  a  very  narrow  linewidth  resulting  in  a  long 
coherence  length.  This  effect  is  believed  to  be  responsible  for  the  Lc  values  greater  than  200 
meters  observed  in  a  cw  photolytic  iodine  laser  and  the  large  values  reported  below  for  pulsed 
PIL’s 

240-320  nm  UV  (ultraviolet)  radiation  photolytically  dissociates  n-C3F7l  (normal  form  and 
hereafter,  C3F7I)  into  an  excited  iodine  S^Via  atom  and  a  free  n-C3F7  radical  specie  with  nearly 
100%  quantum  yield.^''  Fig.  2-a  shows  the  associated  photolytic  cross  section.  Using  a  mean 
cross  section  (Op)  of  4  x  10"*^  cm^  provides  a  good  estimate  for  the  UV  radiation  s  mean  free 
path  lengths  /p  (=  l/apw)  listed  in  Table  II  with  N  representing  the  C3F7I  density.  A  square 
physical  geometry  having  excitation  from  2  or  more  sides  acquire  near  uniform  pumping  when  the 
width  d  =  4  4.  A  uniform  near-field  laser  beam  profile  in  the  lowest  order  mode  from  a  confocal, 
unstable  resonator  was  observed  for  C3F7I  pressures  of  30-45  torr  when  the  7.5  x  7.5  cm  cross 
section  was  excited  on  opposite  sides  (Sect.  IV).  The  corresponding  1^  is  2.56-1.70  cm  for  this 
pressure  range  which  is  approximately  d/4.  The  flashlamp's  UV  intensity  was  not  sufficient  to 
create  bleaching  effects  often  observed  with  very  intense  UV  sources.^^’^^  Approximately  1%  of 
the  C3F7I  was  photolyzed  into  excited  I*  and  C3F7.  Simple  analysis  of  the  flashlamp  output 
provides  valuable  insight  into  the  operation  of  pulsed  PIL’s.  Later  results  will  show  typical  mean 
input  powers  deposited  into  the  flashlamps  to  be  approximately  100  MW  during  a  10  psec  current 
pulse.  For  the  1  cm  i.d.,  80  cm  length,  150  torr  xenon  filled  flashlamps  excited  with  3.7  pf 
capacitor  charged  to  30  KV,  this  approximate  mean  power  would  result  in  an  output  intensity  of 
400  KW/cm^  over  all  wavelengths  if  all  the  lamp  deposited  energy  was  radiated.  Using  a  nominal 
UV  conversion  efficiency  of  2%  yields  an  approximate  peak  intensity  of  8  KW/cm^  which 
corresponds  to  a  fluence  of  1.6  x  10^^  photons/cm^’sec  at  the  272  nm  C3F7I  peak  cross  section. 
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Assuming  a  10  jisec  flashlamp  UV  radiation  square  pulse  and  taking  30  torr  of  C3F7I  in  the  gain 
region,  a  peak  excited  iodine  density  of  4  x  lO'Vcm^  can  be  produced  using  the  mean  photolytic 
cross  section  of  4  x  10*^®  cm^.  With  a  stimulated  emission  cross  section  (Ose)  value  of  5  x  10'** 
cm^  (Ref  27),  this  excited  iodine  density  corresponds  to  a  maximum  unsaturated  small  signal  gain 
coefficient  of  20%  /  cm  which  is  close  to  the  measured  values  of  Sect.  IV.  This  simple  analysis 
also  indicates  that  about  1%  of  the  C3F7I  laser  fuel  is  being  excited  which  enables  the  closed  cycle, 
I2  removal  system  scrubber  to  operate  successfully. 

Once  the  C3F7I  molecules  are  photolyzed,  various  kinetic  processes  occur  in  the  iodine 
gain  medium  as  listed  in  Table  III.  Some  processes  are  included  to  emphasize  the  C,F.jI  laser  fuel 
purity  requirements.  Temperature  dependent  rates  which  play  a  significant  role  in  the  overall 
kinetics  are  not  included  but  are  discussed  elsewhere.  No  buffer  gas  was  used  to  simplify  the 
operation  of  the  closed  cycle,  laser  “fuel”  system  (Sect.  Ill)  and  minimize  optical-gas  medium 
disturbances.  Pulsed  photolytic  atomic  iodine  lasers  have  always  been  easy  to  demonstrate  due  to 
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high  peak  ultraviolet  radiation  generated  from  flashlamps.  The  extractable  energy,  however, 
can  vary  significantly  due  to  impurities  and  the  photolytic  by-product  I2.  Elimination  of  O2,  H^O, 
and  Ij  is  essential  to  minimize  these  excited  iodine  quenching  processes  with  the  result  being 
higher  energies  along  with  earlier  onset  of  lasing  relative  to  the  flashlamp's  initiation.  In  the 
absence  of  such  impurities,  only  two  quenching  processes  for  the  excited  S-^Via  (I*)  iodine  atoms 
dominate,  namely 


f  +R  — 

—>RI 

(1) 

I*  +RI- 

— >7  +  727 

(2) 

which  have  rate  constants  of  7.9  x  10"’^  and  2.8  x  10’’®  cm^  •  sec'',  respectively.^’*'"  I  represents 
the  ground  state  of  atomic  iodine.  Above,  it  was  related  that  excited  iodine  density  of  lO'Vcm^ 
can  exist  in  the  iodine  gain  mediums.  For  this  density,  the  I*  loss  rates  are  respectively  7900  and 
274  sec*'  which  are  negligible  during  a  lOpsec  laser  pulse.  Similar  analysis  for  0^,  H^O  and 
impurities  show  for  pressures  less  than  microns  (<  lO'^/cm^),  negligible  I*  quenching  occurs.  The 
most  important  I*  quenching  process  is  by  the  photolytic  by-product  Ij ,  namely 

I  +72 - ^  7  +  ^2  +  hc3t  (3 ) 

which  has  a  large  quenching  rate  constant,  approximately  10*"  cm^  •  sec*'(Refs.  42-43).  The 
production  of  I2  increases  during  and  after  the  photolytic  UV  pumping  pulse  because  I^  is  a  by- 


3 


product  of  the  irreversible  recombination  channel  of  the  photolyzed  C^F^I.  There  exists  a  small 
dissociation  oft  by  500  nm  radiation  ”  but  it  is  too  small  to  eliminate  this  photolytic  by-product. 
At  the  maximum  C3F7I  pressure  of  60  torr  used,  the  concentration  of  C^F^I  is  1.96  x  10  /cm  . 
Again  using  an  approximate  I  and  I  density  of  lO^Vcm^  in  process  (1 1)  of  Table  III,  the  3-body 
formation  rate  by  C3F7I  becomes  7.5  x  10^  sec  ’  or  1/134  jisec.  Therefore,  during  lasing  no 
significant  excited  iodine  quenching  by  I2  should  occur  but  an  I2  density  in  excess  of  10  /crn  can 
result  lO’s  milliseconds  after  the  UV  excitation  pulse.  Consequently,  its  removal  by  the  closed 
cycle  flow  system  (Sect.  Ill)  is  crucial  for  repetitively  pulse  operation. 

Important  to  all  lasers  is  the  effect  of  gain  medium  density  fluctuations  on  the  quality  of 
the  output  laser  beam.  The  ability  to  obtain  a  near  diffraction-limited  optical  beam  depends  on  the 
magnitudes  of  two  parameters;  namely,  the  spatial  variation  of  the  gain  medium  s  gas  density 
fluctuations  AN/N  or  (N  -  No)/N  variation  and  the  polarizability  a  (accounted  for  by  the 
refractivity  An)  of  the  individual  gaseous  species  present.  Here,  No  denotes  the  equilibrium 
density.  An  =  27caN  where  N  equals  the  total  number  density  of  the  gas  being  examined.  For 
C3F7I,  a  =  1.16  X  10"^  cmVmolecule  at  1.315  microns  while  for  I2  a  =  1.25  x  10‘^^  (Ref  56) 
The  magnitude  of  the  non-constant  cross-sectional  phase  shift  difference,  Atj),  an  optical  beam 
experiences  while  propagating  through  a  medium  of  length  L  with  spatially  varying  density  is 

^<f>  =  ^a(N-NJL  (4) 

A, 

Taking  a  maximum  single  pass  phase  shift  across  the  gain  media  less  than  1/10  wave  over  the  150 
cm  gain  length  reported  below,  Eqn.  (4)  relates  AN/No  must  be  less  than  1.75-  2.6  x  10^.  Using 
the  optimum  C3F7I  pressure  of  30-45  torr  also  reported  below,  such  a  requirement  is  easily 
established  and  is  consistent  with  the  excellent  unstable  beam  quality  reported  below.  Since  there 
was  no  requirement  to  have  buffer  gas  in  the  photolytic  iodine  laser,  its  operation  at  relatively 
low  pressure  minimized  optical  medium  disturbances. 


III.  EXPERIMENTAL  DESCRIPTION 

Figs.  3  and  4  show  the  schematic  of  this  pulsed  photolytic  iodine  laser  device.  The  two 
iodine  gain  cells  are  125  cm  long,  7.5  cm  square  gain  cells  each  having  7.5  cm  x  80  cm,  2.5  cm 
thick,  commercially  polished  fused  silica  transmissive  UV  windows  on  opposite  sides.  Individual 
gain  cells  were  used  due  to  fabrication  easy  and  availability  of  the  UV  windows.  These  windows 
obtained  from  Coming  Glass  are  7940  commercial  Grade  F  with  inclusion  Grade  3  and  were  free 
of  OH  radical  to  minimize  the  formation  of  color  centers.  Such  color  centers  can  produce 
significant  transient  UV  absorption.^’  These  UV  quartz  windows  were  vacuum  sealed  with  Viton 
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rubber  0-rings  assuring  minimal  stress  and  good  vacuum  integrity.  Three  equally  spaced  pulsed 
Xe  flashlamps  were  mounted  above  each  of  these  UV  windows.  There  were  a  total  of  twelve 
lamps  exciting  the  8.4  liter  laser  gain  region  and  the  gain  cells  were  fabricated  with  T6061 
aluminum  due  to  its  good  chemical  compatability  with  the  C3F7I.  At  each  ends  of  the  gain  cells 
are  the  unstable  resonator  mirrors  plus  at  one  end,  a  45“  polarizing  reflector.  For  the  stable 
resonator  tests  (Rigrod  analysis)  and  iodine  gain  medium  interferometric  diagnostics,  the 
internally  mounted  mirror  mounts  were  replaced  with  1.315  pM,  AR  (anti-reflection,  <1%) 
coated  2.5  cm  thick,  ^10  at  632.8  nm,  6  inch  diameter  BK-7  glass  windows.  To  eliminate 
parasitic  oscillations  due  to  the  large  integrated  gains  existing  in  the  iodine  gain  cell,  the  internal 
walls  were  bead  blasted  with  10  mesh  Al^Oj  "chunks"  to  create  a  60-100  mesh  equivalent  surface 
texture  and  a  50  mil  high,  octagon  "fence"  was  placed  on  the  UV  window  surfaces.  In  addition, 
no  internal  optical  elements  such  as  AR  coated  windows  were  possible. 

The  Xe  flashlamps  were  1  cm  i.d.,  1  mm  wall  thickness,  low  alkali  clear  quartz  filled  with 
150  torr  of  pure  xenon  gas  and  acquired  from  ILC  Corp.  The  lamp  electrodes  were  insulated  to 
40  KV  using  a  silicon  sealed  coaxial  cylindrical  tube  surrounding  the  cable/electrode  connector. 
Bored  teflon  spheres  used  to  mount  these  flashlamps  allowed  them  to  expand  or  vibrate  during 
repetitive  operation.  Each  flashlamp  was  excited  with  separate  3.7  pF  capacitors  charged  to  15- 
30  KV  and  switched  with  a  single,  modified  Maxwell  spark  gap  (SG),  M/N  40359  shown  in  Fig. 
5.  A  Maxwell  Trigger  Generator  40230  (-100  KV  pulse)  was  used  to  trigger  this  mid-plane 
spark  gap  switching  all  of  the  twelve  lamps  simultaneously.  To  achieve  reliable  operation  the  SG 
was  operated  in  the  recommended  “irradiated  triggering  mode”  configuration  and  the  power 
supply  was  connected  to  this  spark  gap  through  a  10  MH  resistor  (Rsg)  to  assure  complete 
ionization  of  the  spark  gap  during  its  triggering.  The  temporal  behavior  of  the  flashlamp's 
currents  were  monitored  using  Pearson  current  transformer  M/N  1025  coupled  to  a  Tektronix 
11401  digitizing  oscilloscope.  Each  capacitor  was  connected  to  a  high  voltage  through  a 
normally  closed  remote  controlled  shorting  switch  connected  to  the  safety  interlock  of  the  ALE. 
Systems,  Inc.  power  supply  M/N  302L  "master"  with  five  M/N  302S  "slaves".  Since  one  of  the 
intents  of  this  effort  was  to  acquire  short  pulsewidth  near  lOp-sec,  it  was  necessary  to  excite  the 
flashlamps  at  very  high  power  levels  in  excess  of  300  MW  with  peak  plasmas  deposited  energies 
greater  than  1.7  Kjoules.  At  these  high  energies,  the  flashlamp  lifetime  (shots  before  destructively 
failing)  becomes  quite  short.  Another  issue  was  the  absorption  which  very  closely  overlaps 
the  C3F7I  photolytic  absorption  band  as  seen  by  comparing  Figs.  2-a  and  The  formation  of 

most  of  the  ozone  occurred  after  the  flashlamp  pulse  and  thus  air  convection  was  necessary  for  its 
removal.  Analysis  of  the  ratio  of  the  lamp’s  deposited  discharge  Eo  energy  (1.71  KJ)  to  its 
explosion  energy  Ex  (4.82  KJ)  gives  0.34  indicating  the  lamp  should  last  less  than  10  shots. 

For  repetitive  operation,  this  condition  was  marginally  acceptable  and  thus  some  type  of 
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convective  cooling  was  essential.  Air,  pure  N2 ,  and  water  cooling  were  examined  for  the  cooling 
of  these  flashlamps.  Cooling  with  air  resulted  in  small  (<  10%)  reduction  in  laser  energy 
attributed  to  transient  build-up  and  residual  ozone  production  between  pulses.^*  With  N2 ,  no 
decrease  was  observed.  Water  cooling  commonly  used  in  flashlamp  pumping  of  solid  state  lasers 
was  anticipated  to  be  attractive  because  of  its  higher  heat  capacity,  minimization  of  flashlamp 
vibrations/breakage,  and  negligible  acoustical  noise.  With  coaxial  water  cooling  of  the 
flashlamps,  50%  reduction  in  the  laser  energy  occurred.  This  decrease  was  attributed  a  decrease 
in  the  UV  transmission  through  the  water.  Use  of  titanium  doped  fused  quartz  in  place  of  the  low 
alkali  fused  quartz  was  an  improvement  (=  15%)  but  still  significantly  lower  than  with  N2  gas 
cooling.  Fig.  6  shows  Ti  doped  quartz  eliminates  all  UV  radiation  below  220  nm.  The 
transmission  difference  between  the  two  different  quartz  suggests  absence  of  lower  wavelength 
UV  radiation  may  minimize  production  of  transient  UV  absorbing  species  in  the  water. 
Regardless  what  the  mechanism  may  be,  no  water  cooling  approach  seemed  acceptable.  Flat 
reflectors  behind  the  flashlamps  were  used  to  enhance  the  UV  radiation  into  the  iodine  gain  region 
giving  small  improvements.  Different  types  of  coatings  were  placed  on  these  flats  with  BaS04 
being  the  best.®* 

Previously,  a  completely  passive  closed-cycle  flowing  alkyl-iodide  (C5F7I)  gaseous  supply 
system  was  reported.*®’*®  This  system  provided  a  high  purity  and  fixed  pressure  of  gaseous  C^F^I 
with  virtually  unlimited  operating  time,  but  the  resultant  flow  velocity  (1-2  m/s)  was  too  low  for 
the  required  greater  than  10  m/s.  To  fulfill  this  need,  a  scaled-up  version  of  the  I2  removal 
scrubber  system  was  used  coupled  with  an  oil-free  turbo-molecular  blower  as  shown  in  Fig.  4. 
C^F.^!  gas  has  unique  physical  properties  suitable  for  use  in  a  closed  cycle  flowing  system  with 
simultaneous  "scrubbing"  or  removal  of  the  photolytic  by-product  I2.  It  is  a  clear  liquid  with  a 
freezing  point  of -78°C  and  the  property  of  turning  purple  with  dissolved  I2.*®’*®  Fig.  7-a  gives 
the  vapor  pressure.  Typical  operating  pressures  of  the  pulsed  photolytic  iodine  laser  are  20-60 
torr  correlating  to  temperatures  of -35  to  -18°C  for  the  condensative-evaporative  closed-cycle 
flow  system.  H2O,  O2,  and  the  photolytic  by-product  I2  are  strong  quenchers  of  the  excited  iodine 
atoms  and  consequently  their  removal  is  essential.  The  molecular  iodine  and  water  vapor  pressure 
curves.  Fig.  7-b,  indicate  that  both  I2  and  H2O  have  negligible  vapor  pressures  for  the  sub-zero 
operating  temperatures  and  thus  pure  laser  fuel  at  a  fixed  pressure  can  be  produced  unless  the 
solution  becomes  saturated  with  molecular  iodine.  To  assure  clean  C,F.^I  laser  “fuel”  is  initially 
used,  99%  pure  C^F^I  is  acquired  using  a  specific  synthesis/distillation  process.'^  I2  is  initially 
removed  by  pouring  the  UF  I  through  Cu  wool  several  times  and  the  removal  of  O,  and  N 
dissolved  in  this  alkyl-iodide  was  done  via  a  LN2  freeze/thaw  method.  The  scaled  sized, 
closed-cycle,  C3F7I  chemical  scrubber  system  (Fig.  4)  was  an  integration  of  the  turbo-molecular 
blower  with  the  condensation  and  evaporation  sections  of  the  previous  passive  flow  system.  Each 
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of  these  two  sections  were  cooled  to  different  temperatures  and  coupled  with  a  stainless  steel 
(s.s.)  tube.  All  components  were  made  of  stainless  steel  to  minimize  temperature  drifts  and  both 
the  condensative  and  evaporative  sections  were  encased  in  insulated  jackets  to  reduce  heat 
transfer.  The  quantity  of  liquid  C3F7I  was  sufficient  to  assure  its  liquid  level  was  above  the  1”  ss 
tubing  connection  between  the  condensation  and  evaporation  cells.  Approximately  1  Kg  of  C3F7I 
was  sufficient  to  sustain  reliable  lasing  for  several  weeks.  This  liquid  filling  isolated  the  two  cells 
and  forced  gaseous  C3F7I  to  flow  from  the  evaporation  to  the  condensation  zone  via  the  laser  gain 
cell  even  without  the  blower.  The  condenser  section  (Fig.  4-a)  consists  of  a  0.5”  diameter  ss  304 
tubing  wound  in  a  3”  diameter  helical  coil  through  which  cooled  (-40  to  -60  °C)  denatured  alcohol 
is  circulated  via  a  Neslab  ULT  80  cooler.  This  coil  is  enclosed  in  a  4”  diameter  tank  packed  in 
fine  copper  .  When  the  C3F7I/I2  solution  passed  through  the  fine  copper  wool,  most  of  the  I2  was 
removed  by  reaction  with  the  Cu  wool  forming  Cul.^^  The  remaining  I2  still  not  removed  is  then 
deposited  as  either  a  solid  or  dissolved  in  the  liquid  C3F7I.  On  the  right  side  of  Fig.  4-a  is  the 
evaporative  region  retained  at  temperature  greater  than  the  condensative  from  which  clean  C3F7I 
is  liberated  with  negligible  I2  vapor.  This  evaporative  section's  temperature  was  established  by  a  5 
inch  long  s.s.  coil  similar  to  that  in  the  condensative  section.  The  evaporative  coil  was  covered 
with  A1  beads  to  increase  heat  conduction  to  the  liquid  C3F7I.  Again,  denatured  alcohol 
controlled  by  a  Neslab  cooler  LT-50  at  temperatures  of  -30  to  -IST  was  used.  Any  residual  I2 
vapor  is  reacted  with  the  Cu  wool  placed  above  the  evaporative  coil  of  the  scrubber  system.  An 
analysis  of  the  cooling  power  required  to  condense  all  of  the  C3F7I  to  remove  the  molecular  by¬ 
product  I2  provides  very  valuable  information.  To  evaluate  maximum  requirements,  take  a  flow 
velocity  of  10  m/s  and  a  maximum  operating  pressure  of  60  torr  C3F7I  through  the  4"  diameter 
piping  (Fig.  4-b).  The  volumetric  flow  velocity  becomes  8.1  x  10“*  cm^/sec.  This  value  results  in  a 
C3F7I  mass  density  flow  rate  of  76.98  g/sec  or  0.26  moles/sec.  Using  the  enthalpy  (Hv  =  24.3 
KJ/mole)  ’  of  C3F7I  indicates  that  a  maximum  6.4  KW  is  required  to  condense  all  of  the  C3F7I. 
A  modification  of  this  closed  cycle  system  allowing  some  of  the  laser  “fuel”  to  bypass  the 
condensative  section  will  reduce  the  cooling  requirements.  Such  a  procedure  may  be  practical 
since  low  densities  of  molecular  iodine  are  produced  during  photolysis.  To  produce  flow 
velocities  greater  than  10  m/s  while  operating  at  relatively  low  pressures  of  20-60  torr,  a  special 
blower  was  required  due  to  the  massive  C,F^I  molecule  (296  amu).  Various  non-contaminating 
blowers  were  initially  examined  such  as  piston  drives  and  centrifugal,  but  none  of  these  pumps 
could  simultaneously  produce  the  flow  velocity  and  sustained  operation  with  this  heavy  molecule 
without  contaminating  the  CjF^I.  A  modified  turbo-molecular  pump  provided  the  flow  velocity 
and  sustained  operational  requirement.  The  turbo-molecular  blower  (TMB)  was  originally  an 
Airco  Corp.  M/N  1514  operating  at  20,000  rpm.  Details  of  this  turbo-molecular  blower  (TMB) 
are  described  elsewhere.  Large  pressure  compressions  are  obtained  by  using  wedged  rotors 
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concentric  with  similar  stators  as  shown  and  rotating  the  well  balanced  rotors  blades  at  2-3000 
rpm.  The  resulting  pressure  compression  of  (10-100)  creates  a  large  enough  pressure  head  that 
high  flow  velocity  results.  A  Ferrofluidic  M/N  SC-IOOO-C  rotating  vacuum  seal  provided  the 
non-oil  contaminated,  vacuum  environment.  ’  At  the  bottom  compression  side  of  the  blower. 
Fig.  4-b  shows  two  exit  ports  which  provide  C3F7I  at  flow  velocities  greater  than  10  m/s  to  both 
ends  of  the  iodine  gain  cells.  The  flow  velocities  were  initially  measured  using  a  1  inch  Vortex 
flow  meter,  M/N  YF102. 

Both  stable  and  unstable  resonators  were  used  in  understanding  the  performance  of  this 
pulsed  photolytic  iodine  laser.  The  Rigrod  gain-saturation  curves  obtained  with  a  stable, 
hemispherical  resonator  with  AR  coated  flat  windows  were  used  to  establish  the  optimum 
magnification  for  the  confocal,  unstable  resonator.  This  stable  resonator  had  a  maximum 
reflectivity,  10  meter  radius  of  curvature,  6”  diameter  mirror  and  flats  with  transmissions  of  10, 
20,  30,  40,  50,  60,  70,  80,  and  100%.  Nominal  mirror  spacing  was  2.6  meters.  It  is  beneficial  to 
note  that  1.315  pM  coated  mirrors  also  have  high  reflectivities  at  wavelengths  between  420-460 
nm  which  made  the  1.315  micron  resonator  mirror  alignment  easy  with  an  Ar^  458.9  or  HeCd^ 
441.6  nm.  The  unstable  resonator  was  a  positive  branch,  confocal  type  chosen  to  prevent  any 
internal  focus  and  its  critical  parameters  are™’’^ 


2L 

\-M 


2ML 

M+\ 


(5) 


where  Rj,  R2,  M,  and  L  are  respectively,  the  mirror  radius  of  curvatures,  the  magnification  M  (= 
IR2I/IR1I),  and  the  mirror  distance  L  (=  |Ri|  -  IR2I).  The  geometrical  equivalent  output  coupling  c^ 
=  (M^  -  1)/M^.  The  laser  beam  width  was  equal  to  the  cavity  width  w  with  the  small  feedback 
aperture  a  related  by  w  =  Ma.  The  confocal  unstable  resonator  shown  in  Fig.  3  has  two  distinct 
novelties.  First,  instead  of  the  conventional  scraper  to  couple  laser  energy  from  the  resonator, 
transmissive  coupling  was  incorporated.  At  1.315  microns,  the  laser  mirror  substrates  (BK7) 
have  excellent  transmissive  properties.  Such  low  absorption  of  laser  radiation  at  this  wavelength 
relates  to  negligible  mirror  heating  and  thus  no  noticeable  aberrations  are  introduced  by  the  output 
coupling  mirror.  The  feedback  mirror  is  a  meniscus  mirror;  i.e.,  having  different  radii  of  curvature 
on  the  front  and  back  surface.  Both  surfaces  were  convex  and  AR  coated.  The  front  surface 
consisted  of  an  AR  coating  at  1.315  microns  plus  a  square,  maximum  reflecting  coating  at  1.315 
microns.  This  square  reflecting  coating  was  centered  on  the  square  7.5  x  7.5  cm^  iodine  gain  cell 
and  had  a  width  w  such  that  the  relation  Ma  =  7.5  cm  was  satisfied.  Rigrod  gain-saturation  data 
and  the  transient  laser  pulse  behavior  of  Sect.  IV.  shows  an  optimum  90%  output  coupling 
corresponding  to  a  magnification  M  =  3.  The  mirror  distance  L  (=  |Ri|  -  IR2I)  was  required  to  be 
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2.85  meters.  From  the  above  confocal  resonator  relations,  the  two  mirror  radius  of  curvatures 
became  -2.73  and  8.41  meters  with  a  square  feedback  width  of  2.35  cm.  The  exact  magnification 
was  3.08.  On  the  back  side  of  the  feedback  meniscus  mirror,  the  radius  of  curvature  was - 
2.78  meters.  This  different  radius  of  curvature  accounted  for  the  refractive  index  bending  of  the 
laser  radiation  as  it  propagated  through  the  BK7  substrate  assuring  the  laser  output  beam  was 
collimated.  To  minimize  any  reflections  from  this  surface,  an  AR  coating  was  also  deposited. 
The  second  novelty  deals  with  the  opposite  end  of  the  resonator  where  a  45°  angle  reflecting  flat 
coated  for  maximum  reflectivity  of  p-polarized  radiation  and  less  than  10%  for  s-polarization  was 
placed.  For  round  trip  propagation,  only  p-polarized  laser  output  was  produced  as  shown  in  the 
next  section.  This  last  operation  was  necessary  since  an  unstable  resonator  with  no  internal 
Brewster  windows  or  turning  flats  has  no  polarization  selectivity.  The  p-polarization  coating  on 
this  flat  mirror  provided  very  good  polarization  extinction.  The  bellows  on  both  ends  of  the  gain 
cells  allowed  exact  spacing  control  to  assure  collimated  laser  output  plus  allowing  easy  mirror 
alignment.  These  stainless  steel  mirror  boxes  used  a  double  concentric  screw  adjust  to  insure 
negligible  movement  during  repetitive  laser  operation.  To  align  the  internally  mounted  mirror  of 
the  unstable  resonator,  the  approach  originally  established  by  Krupke  and  Sooy  was  followed.” 

Since  the  ultimate  goal  was  to  produce  a  repetitively  pulsed  iodine  laser  with  excellent 
beam  quality,  large  coherence  length,  good  polarization  extinction,  and  short  pulse  width  (8-12  p 
sec)  while  operating  repetitively,  several  different  optical  diagnostics  were  performed  on  the  laser 
output  as  shown  in  Figs.  8-9.  All  the  diagnostics  were  placed  on  an  air-floating  optical  isolation 
table  and  the  electronic  instrumentation  was  placed  in  a  screen  room.  The  laser  pulsed  energy  and 
average  power  measurements  were  made  using  a  Scientech  M/N  380801  volume  energy  absorber. 
Transient  laser  behavior  was  monitored  with  a  Judson  germanium  500  Mhz  photodiode  M/N  J16 
observing  either  the  small  transmitted  laser  energy  from  the  high  reflector  mirror  of  the  stable 
resonator  or  45°  p-polarizing  mirror  of  the  unstable  resonator.  A  1  mm  diameter  quartz  fiber 
optic  placed  on  the  edge  of  laser  beam  transmitted  a  fraction  of  the  laser  energy  into  a  screen 
room.  The  resulting  laser  pulses  were  then  recorded  on  a  Tektronix  11401  digitizing  oscilloscope 
along  with  the  flashlamp  current  pulses.  To  perform  the  iodine  gain  measurements,  a  low  power 
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(few  milliwatt),  well  stabilized  cw  atomic  iodine  laser  was  used.  ’  The  iodine  gain  medium 
quality  measurements  were  made  using  a  standard  Mach-Zehnder  interferometer  employing  an 

+  56  .  . 

At  at  514.5  nm.  Operating  at  this  wavelength  was  critical  due  to  the  I2  production  during  and 
after  the  photolytic  UV  excitation.  Other  Ar"^  laser  transitions  like  488  nm  can  experience 
complete  absorption  by  the  molecular  by-product  l2.(Ref  74).  The  resulting  fringes  were 
monitored  both  visually  and  with  a  Hamasatsu  M/N  C2741  camera  sensitive  from  400  nm  to  2  |x 
M  having  240  x  240  pixels  in  approximately  1  cm^.  The  output  from  this  camera  was  processed 
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by  a  KSI  time  code  annotator  and  then  displayed  and  permanently  recorded  with  a  Panasonic 
VCR. 

Fig.  9  shows  the  detailed  laser  diagnostics  employed.  To  monitor  the  laser  beam  profiles 
from  both  the  stable  and  unstable  resonator  operation  of  the  iodine  laser,  two  monitoring 
techniques  were  employed.  The  first  method,  mainly  for  quick  observation,  was  a  10  inch  square, 
Kodak  thermal  sensitive,  phosphorescent  IR  screen  which  was  sensitive  to  1.315  micron  radiation. 
It  fluoresced  for  approximately  a  second  after  the  laser  pulse.  Sometimes  a  UV  blocking/1.315 
micron  transmissive  filter  was  used  to  block  the  very  intense  visible  light  produced  by  the 
flashlamps.  The  second  detecting  technique  was  again  the  Hamasatsu  camera  system  described 
above.  This  unit  was  also  used  in  the  coherence  measurements.  To  obtain  the  beam  quality 
measurements,  two  different  Casegrainian  telescopes  were  used.  A  quartz  optical  wedge  with 
mirror  flatness  (X/IO)  was  employed  to  provide  0.4%  of  the  laser  beam  energy  into  the  telescope. 
This  thin  quartz  flat's  mirror  figure  was  critical  since  it  could  ultimately  affect  the  resultant  beam 
quality  measurements.  The  output  of  each  of  these  telescopes  was  then  detected  by  the  infrared 
camera  and  subsequently  monitored.  Such  data  was  then  analyzed  to  assess  the  laser  beam  quality 
as  will  be  discussed  in  Sec.  IV.  The  coherence  length  measurements  were  determined  by 
demonstrating  interference  from  a  variable  arm  distance  difference  of  a  Michelson  interferometer 
as  previously  described.^®  Finally,  the  polarization  of  the  laser  beam  from  the  unstable  resonator 
was  determined  using  a  double  Brewster  window  combination.  Fig.  9-d.  Knowing  the  expected 
angular  position  of  the  polarized  radiation,  the  Brewster  window  system  was  rotated  to  obtain  the 
different  transmission.  Comparison  with  calculated  transmission  results  determined  the 
polarization  nature  of  the  laser  beam. 

IV.  RESULTS  AND  DISCUSSION 

Data  on  the  overall  performance  of  pulsed  photolytic  atomic  iodine  laser  at  1.315  microns 
verifies  its  excellent  beam  quality,  coherence  length,  and  polarization  optical  qualities.  In 
addition,  the  coupling  of  the  closed  cycle,  h  removal  scrubber  system  to  the  longitudinal  flowing 
iodine  gain  medium  worked  very  well  with  operation  of  more  than  two  weeks  using  the  same 
C3F7I  “batch”  of  laser  fuel.  The  design  of  an  unstable  resonator  was  established  from  the  data  of 
Figs.  10-12.  Consistent  with  the  mean  free  path  distances  of  Table  II,  Fig.  10  relates  that  the 
maximum  laser  energy  was  obtained  for  60  torr  of  C3F7I  with  a  small  change  as  this  pressure 
varies  form  30  to  70  torr.  In  addition,  a  fairly  uniform  spatial  gain  profile  existed.  Fig.  1 1  gives 
the  gain-saturation  curve  for  a  pressure  of  40  torr.^®'^^  Although  there  is  some  variation  in  this 
curve,  no  well  defined  peak  for  the  optimum  transmission  exists.  The  transient  pulse  shape  data 
of  Fig.  12  and  this  laser  energy  versus  transmission  curve  indicates  that  most  of  the  energy  can  be 


extracted  from  the  iodine  gain  medium  but  just  at  a  slower  rate  which  correspond  to  longer 
pulsewidths.  With  impurity  free  C3F7I,  the  quenching  loss  for  excited  iodine  atoms  (5^Pi/2)  is  very 
small  thus  allowing  the  gain  to  exists  for  nearly  a  millisecond  after  the  UV  excitation.  Therefore, 
to  obtain  the  optimum  transmissive  coupling,  the  laser  pulse  behavior  should  be  made  to  closely 
overlap  flashlamp  current.  For  transmissive  couplings  near  90%  the  best  overlap  of  the  laser 
pulse  to  the  flashlamp’s  current  occurred.  An  equivalent  unstable,  confocal  resonator  geometrical 
coupling  (cg)  corresponds  to  a  magnification  of  3. 

Fig.  13  shows  the  extracted  energy  from  this  M  =  3  unstable  resonator  shown  in  Fig.  3 
versus  the  C3F7I  pressure  indicating  the  optimum  pressure  operation  is  30  to  45  torr.  The 
difference  from  the  stable  resonator  results  of  Fig.  10  is  attributed  to  a  more  uniform  spatial  gain 
profile  created  at  the  lower  C3F7I  pressures  plus  increasing  the  UV  lamps  from  8  to  12.  The 
extractable  laser  energy  is  8.3  joules/liter.  Fig.  14  shows  the  resultant  laser  pulse  shape  relative  to 
the  flashlamp  current  transient  behavior  illustrating  a  delay  of  3-4  psec  before  the  onset  of  the 
laser  pulse.  Except  for  this  delay  caused  by  the  transient  build-up  of  UV  radiation  in  the 
flashlamp.  Fig.  2-c,  and  similarly  the  establishment  of  an  iodine  inversion,  the  laser  pulse  shape 
follows  quite  closely  that  of  the  current.  The  "noise  features"  on  this  laser  signal  are  relaxation 
oscillations.^^  The  near-field  laser  profiles  are  very  flat  (<  5%  variation)  with  a  square  hole  due 
to  the  feedback.  The  far-field  data  has  a  very  strong  central  lobe  and  negligible  side  lobe  intensity 
(<  2%).  These  far-field  laser  beam  profiles  were  obtained  using  the  telescope  shown  in  Figs.  8-9. 
The  resultant  BQ  was  determined  comparing  the  normalized  ratio  of  the  integrated  theoretical  far 
field  beam  intensity  (Itheor)  versus  radius  to  the  experimental  value  (lexpt)  which  is  often  called 
“power  in  the  bucket”.’”'^^  The  beam  quality  BQ  is  given  by  [  Itheor/ 1  expt]  Performing  such 
analysis  far-field  beam  profiles  at  several  different  radial  positions  gave  a  BQ  of  1.3  times 
diffraction  limited.  More  refined  techniques  using  the  telescopes  of  Fig.  8-9  gave  BQ 
measurements  of  1.15  x  diffraction  limited.  This  good  beam  quality  is  very  understandable  since 
the  C3F7I  pressure  inside  the  laser  gain  cell  is  quite  low.  The  collimation  of  the  laser  beam  was 
then  tested  by  propagating  it  approximately  100  meters.  By  varying  the  distance  between  the 
mirrors  with  the  bellow  assembly  shown  in  Fig.  3,  excellent  collimation  was  easily  obtained.  With 
these  excellent  beam  quality  and  collimation  results,  an  experimental  measurement  of  the  pulse  to 
pulse  laser  repeatability  and  average  power  were  determined  giving  less  than  5%  variation  in  the 
laser  output.  Typical  run  times  were  five  minutes. 

Besides  the  recent  coherence  length  measurements  of  the  low  power,  cw  photolytic  iodine 

laser,  there  exist  no  other  reported  coherence  length  results  for  any  other  type  of  photolytic  iodine 
33 

laser.  A  conventional  Michelson  interferometer  was  used  to  determine  the  coherence  length 
with  the  existence  of  fringes  monitored  as  the  distance  between  the  arms  was  varied  using  the 
infrared  camera  described  previously.  Interferometric  fringes  for  arm  length  difference  of  45 
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meters  were  easily  detected.  The  resulting  stable  fringes  clearly  demonstrated  the  long  coherence 
length  of  this  photolytic  iodine  laser.  This  coherence  length  value  indicates  that  only  one 
hyperfine  transition  can  exist.  In  Figs.  1-c/e,  an  analysis  of  the  gain  profiles  for  C3F7I  pressures  of 
12.5-50  torr  showed  that  these  profiles  overlap  due  to  pressure  broadening.  Consequently,  the 
results  here  also  suggest  it  is  reasonable  to  conclude  that  the  iodine  gain  medium  acts  as  a 
homogeneously  broadened  transition.  Since  only  one  longitudinal  mode  can  lase.  in  a 
homogeneously  broadened  transition,  the  observed  coherence  length  is  explainable.  A  much 
longer  coherence  length  may  exist,  but  the  measurement  is  difficult  requiring  transient  laser 
linewidth  measurements.  Using  the  double  Brewster  window.  Fig.  9-d,  the  polarization  of  the 
laser  beam  was  determined.  By  rotating  this  unit,  the  polarization  was  determined  to  have  an 
extinction  greater  than  lOO.T. 

To  further  understand  the  performance  of  this  pulsed  PIL,  small  signal  gain  data  is  shown 
in  Fig.  15.  These  measurements  were  made  through  a  path  length  of  only  5  cm  using  a  stable,  5 
mw  TEMoo  atomic  iodine  photolytic  iodine  laser. The  large  small  signal  gains  prevented 
longer  gain  length  since  the  medium  would  lase  even  with  only  AR  coated  windows.  Two 
valuable  pieces  of  information  can  be  interpreted  from  these  gain  measurements.  First,  the  large 
values  for  the  peak  gains,  26.6  %/cm,  are  quite  amazing.  Such  values  are  the  reason  parasitic 
control  in  the  unstable  resonator  was  quite  difficult  to  achieve.  Even  with  only  5  cm  of  gain 
length,  goL  products  greater  than  1  can  be  achieved.  For  the  150  cm  gain  length,  a  very  large  goL 
=  39.9  existed  but  parasitics  were  eliminated  giving  only  the  lowest  order  mode  in  the  unstable 
resonator.  Another  feature  of  this  gain  data  is  that  the  gain  has  a  few  microsecond  risetime  before 
it  reaches  its  maximum  value.  This  build-up  of  gain  is  directly  associated  with  the  flashlamp's 
transient  UV  emission  as  Fig.  2-c  illustrates.'**'^'*  Lastly,  this  data  shows  that  the  iodine  gain 
persists  for  a  long  time  with  only  a  small  decrease  from  its  peak  value  at  the  end  of  the  flashlamp 
pulse  .  This  condition  enables  most  of  the  iodine  medium's  stored  energy  to  be  extracted  even 
when  a  low  output  coupling  fraction  is  used  as  Fig.  12  shows.  During  lasing  these  large  peak  gain 
values  do  not  exist  since  the  lasing  strongly  saturates  the  medium.  Saturated  gains  obtained  by 
going  transverse  to  the  lasing  axis  are  a  factor  of  10  lower  during  lasing.  The  small  undulation  on 
the  gain  data  for  times  greater  than  1 00  psec  is  due  to  shock  waves  and  for  times  greater  than  ca 
750  psec,  absorption  at  1.315  microns  is  observed.  Finally,  laser  interferometric  measurements  at 
514.5  nm  were  made  to  assure  the  iodine  gain  medium  was  optically  clear  before  another 
flashlamp  pulse  excited  the  medium.  In  less  than  one  second  after  the  flashlamp  pulse,  the 
medium  was  optically  clean.  Some  heating  effects  from  the  UV  window  “fence”  occur  close  to 
these  window  edges,  but  it  has  negligible  effects  on  the  far-field  laser  beam  quality. 
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V.  PROJECTION  FOR  HIGHER  PULSED  ENERGIES  AND  REPETITION  RATES 

With  the  excellent  optical  performance  of  this  high  energy,  repetitively  pulsed  photolytic 
iodine  laser  at  1.315  micron,  its  projection  to  higher  energies,  shorter  and  longer  pulsewidths,  and 
higher  repetition  rates  are  possible.  All  the  features  such  as  the  C3F7I  scrubber  system,  turbo- 
molecular  blower,  and  unstable  resonator  operation  makes  this  system  easily  scaled.  Using 
transverse  flow  to  replace  the  longitudinal  flow  offers  the  possibilities  of  easily  increasing  the 
pulse  rate  to  10-20  Hz.  Such  a  configuration  would  require  upstream  and  downstream  acoustical 
absorber  to  assure  the  lasing  medium  is  optically  clear  to  obtain  good  laser  beam  quality.  Scaling 
the  turbo-molecular  pump  to  high  flow  velocities  by  simply  increasing  the  rpm  of  the  rotors 
should  be  very  straightforward.  The  available  energy  in  joules/liter  could  also  be  increased  by 
exciting  the  gain  mediums  for  much  longer  times.  Since  the  gain  in  an  iodine  gain  medium  lasts 
for  a  long  time  after  the  UV  flashlamp's  excitation,  much  shorter  pulses  may  be  obtained  using  an 
electro-optical  (E-0)  switch.’^’*”  Care  would  have  to  be  taken  to  deal  with  the  possible  onset  of 
parasitic  oscillation  when  such  devices  are  inserted  internal  to  an  unstable  resonator  due  to  the 
large  gain  coefficients. 


VI.  CONCLUSIONS 

The  technology  of  pulsed,  photolytic  iodine  lasers  at  1.315  micron  has  demonstrated 
excellent  optical  qualities  and  reliable  performance  by  using  a  3.1  magnification,  unstable  confocal 
resonator  to  extract  more  than  70  joules  of  1.315  micron  radiation  in  the  lowest  order  mode. 
Optical  diagnostics  of  the  laser  beam  relates  its  excellent  beam  quality  less  than  1.15  times 
diffraction  limited  with  good  collimation  and  polarization  extinction  plus  a  coherence  length 
greater  than  45  meters.  Using  the  I2  removal  scrubber  system  and  the  internal  turbo-molecular 
blower,  long  and  reliable  operation  of  this  laser  device  was  obtained.  The  projections  of  this  laser 
to  higher  energies,  pulse  repetition  rates,  and  powers  are  feasible.  This  type  of  photolytic  iodine 
lasers  can  provide  safe,  reliable,  compact,  high  power  laser  performance  at  1.315  microns.  In 
addition,  the  PIL’s  reliable  operation,  low  fabrication  and  operating  costs,  and  excellent  beam 
quality  makes  them  a  very  useful  source  of  high  energy,  high  power  one  micron  radiation. 
Improvements  in  the  present  0.25  to  0.5  %  efficiency  will  occur  with  the  use  of  alternate  laser 
“fuels”  and  “tailored”  flashlamps  to  the  photolytic  cross  sections. 
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Atomic  Iodine  Spectroscopy 


Fig.  1 :  Pertinent  atomic  iodine  structural  infonnation,  (a)  hyperfine  structure  of  atomic  iodine  as  function  of 
wave  number  k  (!/>.)  along  with  its  associated  transitions  for  5-  ^Pl/2  and  5-^Fy2  states,  (b)  relative  intensities  of 
hyperfine  transitions.  In  (a),  the  number  in  parentheses  is  g  (=  2F  +1),  the  degeneracy  of  the  iodine  hyperfme 
level  while  in  (b),  the  number  in  parentheses  is  the  relative  intensity  level,  and  F  denotes  the  quantum  number. 
All  energy  spacings  are  given  in  inverse  centimeters,  (c)  -  (e)  illustrate  the  sum  of  the  calculated  fractional  gain 
(Gj)  profiles  for  three  different  pressures  of  C3F7I  assuming  20  MHz/torr  broadening  and  an  atomic  iodine 
inversion  density  [I*  - 1/2]  is  lO^Vcm^  with  (c)  12.5  torr,  (d)  25  torr,  and  (e)  50  torr.^^ 
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Pulsed  PIL  Device 
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Fig.  3:  Schematic  for  longitudinal  flowing,  repetitively  pulsed,  photolylic  atomic  iodine  laser  showing  two  separate  gain  region  of  75  cm  length  each  excited 
with  three  Oashlamps  from  two  sides  and  the  coupling  of  the  closed  cycle  laser  “fuel”  system  including  the  turbo-molecular  pump.  On  both  ends  of  the  gain 
region  arc  the  internally  mounted  mirrors  of  the  confocal  unstable  resonator  with  a  p-polarizing,  45®  reflector  at  one  end  to  provide  polarization  selectivity. 


I2  Removal  System/Turbo-Molecular  Pump 


Fig.  4:  CjF,!  iodine  (12)  removal  system  wth  (a)  the  condensative/e\'aporative  system  and  (b)  turbo-molecular 
blower  used  wth  repetitively  pulsed  photolytic  iodine  laser. 
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Pulsed  Flashlamp  Circuitry 


Fig.  5:  Flashlamp  pulse  circuito'.  Note,  all  flashlamps  switched  with  a  single  spark  gap  to  assure  simultaneous 
firing  of  the  UV  lamps. 
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UV  Flashlamp  Transmission 

(a)  Low  Alkali  Fused  Quartz  Envelopes 


(b)  Titanium  Doped  Fused  Quartz  Envelopes 


Wavelength  X  (nm) 


Fig..  6:  Comparison  of  UV  transmission  for  two  types  of  quartz  flashlamp,  (a)  conventional  low  alkali  quartz 
tubing  and  (b)  titanium  “doped”  fused  quartz  tubing.  The  near  220  nm  lower  cutoff  for  the  titanium  “doped” 
tubing  gave  approximately  10-15%  laser  improvement  over  the  low  alkali  quartz  flashlamps  when  both  were 
water  cooled. 
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Fig.  7:  Vapor  pressure  curves  lor  species  important 
(H2O). 


Integrated  Laser  Beam  Diagnostics 


Scientech 

Energy 

Meter 
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Fig.  8:  Simultaneous  laser  beam  diagnostic  schematic  for  examining  pulsed  photoljlic  atomic  iodine  laser. 
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Detailed  Laser  Beam  Diagnostic 

.  Be,™  (b)  Far  Field  BQ 
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Brewster  window  arrangement. 


Laser  Energy  vs  Pressure 
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Fig.  10:  Stable  resonator  energy  pcrfonnancc  with  80%  outeoupling  versus  C3F7I  pressure  using  8  Ilashlaiups  with  2  lamps  on  each  of  the  UV  transmitting 
quartz  lamps.  Bach  lamp  was  excited  with  separate  3.7  pf  capacitor  at  30  KV.  A  similar  curve  having  higher  energies  is  obtained  with  12  lamps. 


Laser  Energy  vs  Output  Coupling 
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Fig.  1 1 :  Laser  energy  versus  output  coupling  for  12  lamp  arrangement  at  clifTcrcnt  flashlamp  capacitor  energies  with  an  hemispherical  resonator,  (a)  10% 
coupling,  (b)  20%  coupling,  (c)  30%  coupling,  (d)  39%  coupling,  (c)  59%  coupling,  and  (t)  80%  coupling.  A  12  lamps  system  corresponds  to  3  lamps  being 
placed  on  each  UV  transmitting  ejuartz  window. 


Laser  Pulsewidth  vs  Output  Coupling 

-  Stable  Resonator  - 
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Fig.  12:  ElTccl  of  output  coupling  on  laser  pulsewidth  for  stable  resonator  using  8  lamps  for  phololytic  pumping,  (a)  10%  coupling,  (b)  20%  coupling,  (c)  30% 
coupling,  (d)  39%  coupling,  (e)  59%  coupling,  and  (0  80%  coupling.  Each  lamp  is  excited  with  1 .7  Kjoulc  of  energy. 


Laser  Energy  vs  Pressure 

-Unstable  Resonator- 


12  Lamps 


25KV  ,  3.7  uf 
30KV,3.7uf 
-O-  35KV,3.7uf 


C3F7I  Pressure  (torr) 


Fig.  1 3 :  Extractable  laser  energy  from  unstable  resonator  (M  =  3.1 )  versus  C3F7I  pressure  for  1 2  lamp 
arrangement  at  different  flashlamp  capacitor  energies.  This  magnification  corresponds  to  a  geometrical  output 
coupling  of  89%.  A  1 2  lamps  system  corresponds  to  3  lamps  being  placed  on  each  UV  transmitting  quartz 
\vindo\v. 
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Laser  Temporal  Behavior  Relation  to  Flashlamp  Current 
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lapacitors  were  charged  to  30  KV  giving  stored  energies  ca  1.7  Kjoules. 


Small  Signal  Gain 
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Fig.  1 5:  Small  Signal  Gain  CociTicicnl  for  pulsed  iodine  gain  medium  at  40  torr  and  3.7  jif  capacitors  charged  to  30  KV  flashlamps  over  a  5  cm  gain  path 
length. 


Table  I:  Atomic  Iodine  Hyperfme  Transition  Characteristics 


TransiUonF->F''“' 

Wavelength 

k(cm'') 

(b) 

)t(pm) 

A-coefTicients 

(sec'') 

2-3 

7602.6202 

1.315336 

1.76 

2-2 

7602.6858 

1.315325 

2.20 

2-1 

7602.7105 

1.315320 

1.69 

3-4 

7603.1385 

1.315246 

3.67 

3-3 

7603.2794 

1.315222 

1.54 

3-2 

7603.3450 

1.315211 

0.44 

“  F  is  upper  state  quantum  number  while  F"  refers  to  lower  state  quantum  number 
Ref.  22 

'  Refs.  23-24.  Values  calculated  as  shown  in  Ref  27. 

A  comparison  of  the  A-coefficients  listed  in  Table  I  with  the  theoretical  values  of  Ref  11  reveals  the  tabular 
values  are  smaller.  For  example,  Zuev^^  gives  5  sec''  for  the  3-4  transition  versus  the  3.67  sec''  of  Table  1. 
These  tabular  values  were  determined  by  averaging  the  absolute  magnitude  results  of  Derwent  and  Thrush^'' 
and  Zuev^^  and  then  multiplying  that  value  (1 1.3  sec  ')  by  the  relative  hyperfme  transition  values  of  Zuev^^  as 
previously  described  in  Ref  27.  Listing  the  values  in  Table  I  is  not  meant  to  state  these  A-coefficient  values 
are  absolutely  correct,  but  they  are  given  as  such  to  retain  consistency  with  the  anomalous  dispersion  results  of 
Ref  27  and  the  gain  results  of  Fig.  l-c,e. 
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Table  II:  Mean  Free  Path  Lengths  for  Various  Pressures  of  C3F7I 


n-CsF?!  Pressure  (torr)  Mean  Free  Path  Length  -  /p(cm) 


10 

20 

30 

35 

40 

45 

50 

60 

70 


7.67 

3.83 

2.56 

2.19 

1.92 

1.70 

1.53 

1.28 

1.10 


All  calculations  made  assuming  gas  temperature  of  23°C 
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Table  III:  Critical  Kinetic  Processes  for  Pulsed  Photolytic  Iodine  Laser  at  1.315  \iM, 

RI  represents  n-CsFil. 


Process 

Rate  Coefficient 

Reference 

1.  RI  +  hVpun,p->  R  + 1 

Op(max)  =  7.8  xlC'^cm^ 

34-36 

2.  l‘->I  +  hVrad 

A  =  7.7  sec"' 

23,24 

3.  I  — >  I  +  hViaser 

=  5.5  X  10"'* 

27 

4.  I  +  R->RI 

4.7  X  10-” 

37-41 

5.  I‘  +  R->RI 

7.9  X  10-'^ 

37-41 

6.  R  "i"  R  — ^  R2 

1.3  X  10''^ 

37-41 

7.  r  +  RI^I  +  RI 

2.8  X  10-'® 

37-41 

8.  r  +  O2 I  +  OjVAg) 

2.5  X  lO'” 

42-44 

9.  r  +  H2O  +  H2O  +  heat 

9.6  X  10  ’^ 

45 

10.  I  +  N2  — >•  I  +  N2  +  heat 

5.2  X  10-’’ 

42-43 

11.  r  +  H-RI-).l2  +  RI 

3.8  X  10’^' 

37,46 

12.  r  +  i+i2-^2i2 

3.7  X  10'^° 

47 

13.  I  + 12  — >  I  + 12  heat 

9.9x10-'^ 

42-43 

®  Rate  coefficients  have  dimensions  (cmVmolecules)”  /  sec  where  n=l  for  two  body  processes  and  n=2  for  three 
body  processes. 

^  Evaluated  assuming  only  Doppler  broadening  (T=300TC)  -  Ref  27.  At  higher  pressures,  the  effects  of  pressure 
broadening  on  must  be  included  as  shown  in  Table  3  of  Ref  27. 
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